We present the first complete description of a life cycle for a marine ostracode that uses bioluminescence for courtship. The life cycle of Vargula annecohenae consists of five juvenile instars separated by molts and an adult instar following the terminal molt. Body size is tightly conserved within each instar; therefore, most individuals can be reliably identified to instar by the length-to-height regression of carapace size. Sexual dimorphism becomes apparent in the penultimate A-I instar and remains evident through adulthood. Each juvenile instar of V. annecohenae lasts between 10 and 27 days, resulting in an estimated total juvenile development time of three months. Females have multiple broods and give birth to crawl-away juveniles following a 26 6 1.6 day incubation period. Adults live up to 188 additional days, and thus V. annecohenae has a potential life span of up to nine months. This species is one of the large number of myodocopid ostracode species that use bioluminescence for courtship, and our description of its life cycle provides a foundation for future work on the intricate mating systems and the complex ecological interactions within this group.
INTRODUCTION
Research into the ostracode order Myodocopida has yielded evidence for an origin of the compound eye independent from that of other arthropods (Oakley, 2005) . Additionally the group has provided key information regarding the evolution of complex bioluminescent courtship behaviors (Morin, 1986; Morin and Cohen, 1991; Rivers and Morin, 2008) . With over 6,000 species of described myodocopids distributed globally, this group is a diverse and abundant member of numerous marine benthic communities. However, life cycles from laboratory rearing have been published for only three species within this group, Philomedes brenda (Elofson, 1969) , Skogsbergia lerneri (Cohen, 1983) , and Vargula hilgendorfii (Henmi and Okamato, 2003) . In addition, life histories and development times of a limited number of species have been described based on seasonal field sampling and length-width regressions of multiple instars (see review in Cohen, 1983) . Within Myodocopida, Cypridinidae range in size from 0.8 mm to 3 cm and inhabit numerous diverse marine habitats ranging from the deep sea (.5,000 m depth) (Poulsen, 1962) , to shallow tropical coral reefs and seagrass beds (Cohen, 1983 ) and low to highlatitude littoral regions (Kornicker, 1975) . Across this diverse range of habitat, life cycles likely vary in response to seasonal changes, physical habitat constraints, and biological selection.
Here, we present the life cycle of the bioluminescent grassbed ostracode, Vargula annecohenae Torres and Morin, 2007 . Similarly to Skogsbergia lerneri, V. annecohenae feeds on dead and decaying fish and invertebrates in the mieobenthos of Thalassia-dominated tropical seagrass beds. At times, both S. lerneri and V. annecohenae can be captured simultaneously in baited feeding traps. The most apparent difference between these two species is that males of V. annecohenae enter into the water column nightly to produce bioluminescent displays to attract conspecific females whereas S. lerneri is not luminescent (Morin and Cohen, 1991; Cohen and Morin, 2003, Gerrish et al., in press ). Bioluminescence in ostracodes has been proposed to have evolved initially as a defensive response, either as a warning to predators that the ostracode tastes bad or as part of a ''burglar alarm'' system (Morin, 1986; Morin and Cohen, 1991) . Numerous Vargula species throughout the world, e.g., V. hilgendorfii in Japan (Henmi and Okamoto, 2003) , are capable of producing light for defense, but only in the Caribbean do species of Vargula and other genera in the clade also use bioluminescence as part of their intricate courtship displays. The life cycle of V. annecohenae presented here is the first reported for an ostracode that uses bioluminescence for courtship and, through comparison with other myodocopids, provides insight into whether the unique mating system of ostracodes with bioluminescent courtship displays is associated with variation in basic life history characteristics.
MATERIALS AND METHODS
Vargula annecohenae is a small-bodied (;2 mm) bioluminescent ostracode (Myodocopida: Cypridinidae) that is found in high abundance (.500 / m 2 ) in shallow grassbeds surrounding islands on the Belize barrier reef. Like most cypridinid ostracodes, V. annecohenae remains primarily on or in the seabed, but adult males enter the water column nightly where they produce bioluminescent displays to attract females (Morin and Cohen, 1991) . For the present life cycle analysis, V. annecohenae were collected just off the south beach of South Water Caye, Belize (168489450 N, 88804957.50 W) at ;1.5 m water depth where turtle grass (Thallasia testudinum) dominated the substratum. To gather ostracodes, live traps, which consisted of cylindrical polyvinyl chloride (PVC) tubes (7 cm long 3 3.8 cm diameter) containing inverted mesh funnels of 75 lm nylon mesh, were placed at the sediment water interface. Each trap contained a piece of dead fish flesh ('1 cm 3 ) to attract scavenging ostracodes. We measured carapace length and height ( Fig. 1 ) of 593 live individuals to develop size classifications for all instars of V. annecohenae. In addition, the widest part of the pigmented portion of the eye and the widest part of the keel (Fig. 1) were measured for some individuals of each instar. These measurements were used to characterize sexual dimorphism in A-I instars and adult individuals. Because there was some overlap in the length-to-height regression of adult male instars and sub-adult (A-1) females, we used a discriminant function analysis (DFA: SYSTAT 9.0) that included length, height, eye size, and keel width to differentiate quantitatively the males and females of the A-I and adult instars. We photographed live individuals of all instars using a Nikon Coolpix 4500 camera held to the eyepiece of a Wild M5 dissecting microscope at 25x magnification. To calculate the timing and duration of development, individuals of each size-class were placed into separate 10 ml wells of a 12-well tissue-culture tray and monitored through successive molts and reproductive stages. In January, February, and March of 2002, some 20-30 individuals from each age class were monitored first for 10 days in Belize, while being fed on Tetramin fish flakes (ProCare TM ) every 2 days and cultured at ambient temperature (26 6 28C). The water was changed after every feeding. The individuals were then transported in a single day to our laboratory at Cornell University in Ithaca, New York where they were maintained in artificial seawater (Instant Ocean Ò Sea Salt) at 36 g/L salinity, placed on a 12-hour light-dark cycle, kept at a constant temperature (268C) and fed Tetramin fish flakes ad libitum every 2 days through the duration of their development. Similarly, from January through early March of 2003 at South Water Caye in Belize, except when low numbers of particular (early) age classes precluded doing so, 24-36 individuals of each age class were maintained in laboratory cultures using natural seawater at a constant (268C) temperature and fed freshly dead fish every two days. All individuals were monitored at least every other day for molting, brooding, release of offspring, and mortality. In addition, length and height were recorded pre-and post-molt for all individuals.
The duration of each instar was calculated in two ways. Field-collected individuals of a known age class were placed as a group in culture, and the time from collection to individual molt was recorded. Individuals molted constantly, creating a linear relationship between the number of animals molted and the time for each instar. Based on this relationship, the duration of the instar was calculated as the time at which the line fitted to a plot of molt occurrence reached 100% of all individuals molted. Additionally, some individuals of each instar were maintained through multiple instars in the laboratory, and the entire duration of each instar was recorded. There was no difference in the estimates of development time between the animals cultured in Ithaca in early 2002 and those cultured in Belize in 2003; therefore, data from these studies were pooled for analysis.
Female reproductive traits, such as time from mating to production of brood, time from brood production to hatching, and time between clutches and number of clutches in a lifespan, were determined based on females in laboratory cultures. Gestation period was measured similarly to instar duration by using field-collected individuals with unknown impregnation times. Additionally, virgin females (which were cultured from the immature A-I stage) were impregnated by males under laboratory conditions and monitored as embryos developed. We used a Canon Digital Rebel XTI camera with 2.5x lens mounted on a Olympus model BH2-RFC dissecting microscope at 4.7x magnification to photo-document embryonic development within brooding V. annecohenae.
RESULTS
Vargula annecohenae has six instars and exhibits determinate growth. Each instar has a highly conserved size range ( Fig. 2 ; Table 1 ). Based on length-to-height regression, we can confidently identify ostracodes of the first four instars (A-V, A-IV, A-III, A-II), fifth instar males (A-I), and adult females. Some overlap occurred between adult males and sub-adult females (A-I) (Fig. 2) . This region of overlap can be resolved visually (Fig. 3) , and also by means of a discriminant function that incorporates data on eye size, keel width, and valve length and height of A-I females and adult males. Using three factors, A-I males and females, and adult males and females were always categorized correctly (P , 0.001). Factors 1 and 2 were primarily associated with length and height while factor 3 incorporated more influence of eye size and keel width (Table 2) . A-1 females have a higher carapace, smaller eyes and a narrower keel than adult males (Table 1 ). The two can be readily distinguished visually with the use of a dissecting microscope (Fig. 3) . Sexual dimorphism becomes apparent in the size and shape of the fifth instar as well as in the copulatory limb in males (Torres and Morin, 2007) , and remains apparent throughout the adult stage ( Fig. 2 and Fig. 3) .
Inseminated females that contained eggs within their bodies were commonly captured in feeding traps, but we never captured females that had released fertilized embryos into their brood chambers. The overall development time of ostracode eggs and embryos within the females was 26 6 1.6 days, with the interval between mating and brood deposition averaging 7.84 6 1.06 (n ¼ 31) days, and the subsequent time to release from the brood chamber averaging 18.4 6 0.52 (n ¼ 33) days. During development, eggs initially become visible inside the body of the female (Fig. 4a, see arrow) . Daily observations indicated that the eggs increase in size but display no other visible morphological changes while inside the mother's body. If reproduction is similar to that of other myodocopid ostracodes, it is likely that fertilization occurs as the eggs move from the female's body into the marsupium (Cohen and Morin, 1990) . Females release fertilized embryos into the marsupium (brood chamber) as transparent, spheroidal, or ovoidal masses (Fig. 4b) . After two to three days, the insides of the embryos appear cloudy compared with the fully transparent embryo initially deposited in the brood chamber. A separation of the cloudy mass, usually more dense on one side than the other, is visible by day nine (Fig. 4c) . Faint, red-pigmented eye spots begin forming by day 14 or 15 ( Fig. 4d) . Eye spots develop into dark brown spots during the following two days and appear as fully formed eyes by day 17 or 18. The light organ becomes apparent after day 17 as a thin, yellowish crescent above the mouth of each embryo (Fig. 4e, see arrow) which by this time appear to be first-instar larvae confined within the brood pouch just prior to release (19 days) (Fig. 4e) . The average number of offspring in a brood is 12.9 6 0.43. Female V. annecohenae are capable of producing multiple broods without re-exposure to males, which indicates there is storage of sperm between broods. In three females, new broods were produced 15-17 days following the release of a previous cohort.
After brood release, total development time of juvenile instars (A-V through A-I) took 80 to 100 days and each instar lasted an average of 18.9 6 0.77 days ( Fig. 5; Table 3 ). On average, 6-8 % of the individuals with the potential to molt did so each day (Fig. 5) . Adults survived up to 188 days in laboratory cultures.
DISCUSSION
Vargula annecohenae has a long life span (up to approximately 1 year), develops slowly (3 months preadult), has multiple broods of a few offspring (10-15), and has no free-living larval stage. While V. annecohenae's life span does not fall outside the range for the crustaceans reviewed in Hairston and Caceres (1996) , its average reproductive life span is near the upper bound of other taxa within its size class (Fig. 6 ). Other species that deviate in a similar manner include many malacostracans, which, like V. annecohenae, are primarily benthic. Because organisms that spend a majority of time in the benthos have a permanent refuge and often feed on detrital matter, it is possible that their longer life span allows for a gradual accumulation of needed nutrients without selective pressure for faster maturation from the numerous predators present in the water column. The life cycle of V. annecohenae is similar to those of previously described, myodocopid ostracodes. As in all known myodocopids, V. annecohenae broods embryos and releases them as first-instar (A-V) crawl-away juveniles. The 18.4-day average duration of brooding is within the range observed for other cypridinids (10-30 days) (Cohen and Morin, 1990 ) and similar to that of Skogsbergia lerneri (Cohen, 1983) but slightly longer than the 16 day duration for V. hilgendorfii (Wakayama, 2007) . The stages of embryonic development also correspond to those observed in V. hilgendorfii (Wakayama, 2007) . In comparison with the eight instars of the podocopids, myodocopids, including V. annecohenae, exhibit a six-instar life cycle. Development time through the juvenile stages varies across a range similar to that of S. lerneri (Cohen, 1983) and is representative of the shorter development time observed for the Cypridinidae in comparison to other myodocopids, namely the Cylindroleberidae and Philomedidae (Cohen and Morin, 1990) . Temperature may be responsible for some of the observed developmental duration differences. Cohen (1983) and Wakayama (2007) both observed longer development times (Cohen and Morin 1990) . Females of V. annecohenae carry an average of 13 offspring, which is less than the 20-70 observed in Vargula hilgendorfii (Nakamura, 1954; Henmi and Okamoto, 2003) and at the lower end of the 10-22 observed in Skogsbergia (Cohen, 1983) . The maximum adult lifespan observed in culture was 188 days, with 30% of the adults surviving longer than the 63-day maximum observed in S. lerneri (Cohen, 1983) . Based on the bioluminescent mating displays conducted by males and the highly skewed sex ratio observed in mating populations of V. annecohenae (Morin, 1986; Morin and Cohen, 1991; Rivers and Morin, submitted) , we predicted that differences might exist between the life histories of male and females within this species. But our data, when partitioned by sex, do not indicate clear differences between males and females in development time (Fig. 5) . More females did survive longer in culture than males. However, this pattern may be due to the fact that overall, more females were cultured. Further studies focusing specifically on the life history comparisons between the sexes may be able to tease apart sexual variation in life cycle, but our study does not indicate that clear differences exist.
Knowing the life cycle of V. annecohenae provides the basis for future studies of the ecology and evolution of this and other bioluminescent marine ostracodes. There are numerous undescribed species of bioluminescent ostracodes Fig. 4 . Developmental sequence for brooded embryos of V. annecohenae. Embryos are held in a marsupial brood pouch located in the posterior dorsal part of the carapace. a) One egg of this female has been released into the marsupium and the remaining four eggs are visible within the ovary of the female. b) After 7-8 days, the eggs are extruded into the marsupial brood pouch. At this time each egg consists of a large yolk mass and the cells inside are barely visible. c) By day nine in the brood pouch, cell division has created a defined, cloudy cellular mass that fills the egg. d) As the embryo develops its organs, the first apparent structures include the naupliar eye, here a red speck, and the gut. e) Just prior to release, the embryos appear as A-V instars with a large brown eye spot and a fully developed and functioning light organ. All photos are of live individuals. that share the grassbed, sand, and reef habitats throughout the Caribbean (Cohen and Morin, 2003) . Knowing the life cycle for this representative of the group provides a baseline for future comparative study of life histories of other members of this group and allows examination of the function and adaptive nature of the unique bioluminescent mating behavior. Table 3 . Instar durations of V. annecohenae: A) from animals maintained in culture for an entire instar (i.e., through at least two molts), and B) based on the x-intercept of the linear regressions in Fig. 5 Fig. 2 ). The approximate position of V. annecohenae on the regression of reproductive life span vs. body size is indicated by the star and falls at the upper end of all species of its size range.
